The speci®c recognition of homopurine±homo-pyrimidine regions in duplex DNA by triplex-forming oligonucleotides (TFOs) provides an attractive strategy for genetic manipulation. Alkylation of nucleobases with functionalized TFOs would have the potential for site-directed mutagenesis. Recently, we demonstrated that a TFO bearing 2-amino-6-vinylpurine derivative, 1, achieves triplexmediated reaction with high selectivity toward the cytosine of the G-C target site. In this report, we have investigated the use of this reagent to target mutations to a speci®c site in a shuttle vector plasmid, which replicates in mammalian cells. TFOs bearing 1 produced adducts at the complementary position of 1 and thereby introduced mutations at that site during replication/repair of the plasmid in mammalian cells. Reagents that produce covalent cytosine modi®cations are relatively rare. These TFOs enable the preparation of templates carrying targeted cytosine adducts for in vitro and in vivo studies. The ability to target mutations may prove useful as a tool for studying DNA repair, and as a technique for gene therapy and genetic engineering.
INTRODUCTION
The wealth of sequence information from human and other genome projects highlights the need for facile and ef®cient strategies for genome manipulation. This requires the selective recognition of duplex DNA, and has stimulated the development of various synthetic candidates for this purpose. Successful reagents would be used for gene knockout for target validation, to facilitate gene knock in, for strain and transgenic animal construction and, perhaps, for gene therapy. One approach that has been of interest for many years is based on the DNA triple helix (1) .
A triple helix can form when a triple helix-forming oligonucleotide (TFO) binds in a sequence-speci®c manner in the major groove of the duplex DNA containing homopurine±homopyrimidine stretches (2, 3) . Depending on the nature of the target sequences, triplexes can be formed by third strands consisting of pyrimidines (parallel triplex) or purines (antiparallel triplex), and a binding code for both has been described (4, 5) . Triple helix formation can prevent transcription factor binding to promoter sites and block m-RNA synthesis in vitro and in vivo (6±10). Reactive chemical groups linked to TFOs have been used to stabilize triplex formation via covalent linkage with bases in the target sequence. These conjugates have been applied to the inhibition of gene expression, in what has been termed the`antigene strategy' (11) .
Alternatively, TFO conjugates have been used to manipulate the sequence of genes containing target sequences (12) . Replication/repair of targeted adducts can result in mutagenesis of the target site (13) . This has been shown in recent work with TFOs, linked to psoralen, that direct mutagenesis to speci®c sites in reporter genes (14±16). In these experiments photoactivation of the targeted psoralen produces a cross-link in the duplex (as well as the linkage of the third strand to the target sequence), which during replication or repair of the plasmid results in mutations. In another approach, psoralenTFOs designed to bind a target sequence in the chromosomal hypoxanthine phosphoribosyl transferase gene have been introduced into cells and, after photoactivation, colonies with mutations at the target site were recovered (16±18). These results demonstrate proof of principle that TFOs can be developed as reagents for gene targeting and sequence modulation.
Although psoralen has been a very useful mutagen, it has some serious drawbacks. It is sharply restricted in reactivity to pyrimidines, has a strong bias towards thymines, with crosslink formation limited to 5¢-TA or AT sites (19, 20) . This greatly reduces the target options for gene mutagenesis, and knockout applications. In addition, reactivity requires photoactivation, and only those TFOs bound at the time of UVA exposure will contribute to the mutagenesis. Consequently, there is a need for additional compounds that can be linked to TFOs while retaining ef®cient DNA reactivity. TFOs have been conjugated with aryl nitrogen mustard (21), aziridine units (22) or a minor groove-reactive compound (23) and used for interstrand cross-linking, but these reactions were not ef®cient. Furthermore, the biological consequences following reaction with the DNA target sequences, such as mutagenesis, have not been reported. Recently, we demonstrated that the new nucleoside derivative 1 exhibited triplex-mediated reactivity with high selectivity toward the cytosine at a G-C target site ( Fig. 1) (24±27) . Here, we report that TFOs bearing 1 (2-amino-6-vinylpurine) have been used to achieve sitespeci®c modi®cation at a reaction site in the supF reporter gene. We describe mutagenesis of that site during passage of the plasmid in repair-de®cient human cells. Cytosine adducts are relatively rare and the new TFO derivatives make possible the study of targeted cytosine derivatives in both biochemical and biological analyses.
MATERIALS AND METHODS

Synthesis of TFOs
-(2-methylthioethyl)purine was synthesized following previous procedures (23±27). The oligonucleotides were synthesized on CPG supports (500 A Ê ) using an Expedite 8909 synthesizer in a 1.0 mmol scale using commercial 2-cyanoethyl phosphoramidites and the amidite precursor described above according to the regular protocol. The 5¢-terminal dimethoxytrityl-bearing oligodeoxynucleotides (ODNs) were removed from the solid support by treatment with 28% aqueous ammonia at 55°C for 1 h. Puri®cation was performed by reverse-phase HPLC (nacalai tesque COSMOSIL 5C18-MS, 10 Q 250 mm) using a linear gradient of 10±40% acetonitrile in 0.1 M TEA buffer at a¯ow rate of 4.0 ml/min, then the puri®ed ODNs were passed through a Sep-Pak (ODS) with H 2 O (10 ml), 2% tri¯uoroacetic acid (5 ml), H 2 O (10 ml) and 50% acetonitrile (3 ml). The puri®ed oligonucleotides were characterized by MALDI-TOF mass spectrometry.
Activation of the TFOs
A solution of 5 mM mono magnesium perphthalate (MMPP, 1 ml) in a carbonate buffer, adjusted to pH 10 with aqueous 0.01 M NaOH, was added into a solution of the puri®ed ODN 2a±5a (1 nmol) and each mixture was left at room temperature for 30 min. An aqueous 2 M NaOH solution (3 ml) was added to the above mixture and left for an additional 30 min. Each mixture was adjusted to pH 4.5 with 2 M CH 3 COOH and used for all experiments.
Thermal denaturation experiments
The target duplexes (5¢-GTAGAAGAAAAAAGAGAAA; TTTCTCTTTTTTCTTCTAC) were dissolved in 50 mM Tris, 100 mM NaCl and 2 mM MgCl 2 (pH 6.0, 7.0, respectively). These solutions were heated at 80°C for 10 min and allowed to come to room temperature in 30 min. The TFO was added to the mixture and incubated at 4°C overnight. The thermal denaturation experiments were performed in a Cary 3E UV-visible spectrophotometer ®tted with a thermostat sample holder and temperature controller. Triplexes were heated from 5 to 80°C at a rate of 0.4°C/min and the absorbance at 260 nm was recorded as a function of the temperature. The data were processed using SigmaPlot 5.0 software to determine the ®rst derivative of the melting curves and the T m value was obtained.
Binding assay
The pyrimidine strand (5¢-ATTTCTCTTTTTTCTTCTA) was 32 P-end-labeled using [g-32 P]ATP (NEN) and T4 polynucleotide kinase (New England Biolabs, Beverly, MA) and annealed with the purine strand (5¢-TAGAAGAAAAAAG-AGAAAT). The 32 P-labeled duplex was incubated with varying concentrations of 2b±5b in the binding buffer (40 mM MES, 10 mM MgCl 2 , pH 4.5) at 32°C. After 17 h, loading dye (0.1% xylene cyanol and 0.1% bromophenol blue, 95% formamide; 4 ml) was added to each mixture and heated at 90°C for 5 min. These mixtures were loaded onto a 15% polyacrylamide gel containing 7 M urea using TBE buffer. Gels were visualized using a Fuji Phosphorimager and quantitated using the ImageQuant software.
Restriction enzyme protection assay
SupF12, digested by EcoN1 and P¯M1, was incubated with varying concentrations of 2b±5b in the binding buffer (40 mM MES, 10 mM MgCl 2 , pH 4.5) at 32°C. After 17 h, each of the plasmid±TFO complexes were separated from the unbound oligonucleotides by ethanol precipitation. This mixture was resuspended in the buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM dithiothreitol) and digested with XbaI (New England Biolabs). The digests were analyzed by 1% agarose gel electrophoresis and the relative amount of DNA in the protected and non-protected bands was quantitated by¯uorescence image analysis.
Polymerase stop assay
These assays were carried out using primer 5¢-CGGCAGA-TTTAGAGTCTGCTC corresponding to nucleotides 124±144 of supF12. The primer was 32 P-labeled using [g-32 P]ATP (NEN, 3000 mCi/mmol) and T4 polynucleotide kinase (New England Biolabs). Primer extension was carried out in a total volume of 20 ml containing 0.2 mg of modi®ed or unmodi®ed supF12 or unmodi®ed pNS14 digested by BglII (New England Biolabs), 32 P-labeled primer, T4 polymerase buffer (New England Biolabs), BSA (2 mg) and 250 mM of each dNTP. The DNA was denatured by heating to 95°C for 5 min, and the primer was annealed during subsequent cooling to 4°C. Extension was initiated by the addition of 3 U T4 DNA polymerase (New England Biolabs) and elongation was allowed to proceed at 37°C. After 1 h, 8 ml of stop solution (95% formamide, 0.05% bromophenol blue and 0.05% xylene cyanole) were added to each mixture and heated at 95°C for 5 min. The DNA fragments were resolved on an 8% polyacrylamide gel containing 7 M urea using the TBE buffer system. Gels were visualized using a phosphorimager or ®lm autoradiography.
Mutagenesis protocol
Shuttle vector plasmids were constructed as described previously (28) . The plasmids contain variant supF genes containing triplex target sequences immediately adjacent to the 5¢ end of the mature tRNA sequence. SupF12 and/or pNS 14 were incubated with 2b±5b in the binding buffer (40 mM MES, 10 mM MgCl 2 , pH 4.5) at 32°C. As control experiments, these plasmids were incubated with only MMPP or H 2 O in the same condition. After 17 h, each plasmid±TFO complex was separated from the unbound oligonucleotide by ethanol precipitation. The plasmid±triplex complexes were electroporated into SVXP12BE cells. These cells are an immortalized ®broblast line derived from a patient with xeroderma pigmentosum, complementation group A. Nucleotide excision repair activity is extremely low in these cells. The cells were plated for 48 h, during which time the reactive sites were repaired and/or mutagenized, and the plasmid replicated. Progeny plasmids were then harvested, treated with DpnI to remove non-replicated input plasmids (29) , and introduced into the Escherichia coli indicator strain MBM 7070 [F ± , lacZamCA7020, lacY1, hsdR ± , hsdM + , araD139, D(araABC-leu)7679, galU, galK, rpsL, thi] (30). The bacteria were spread on indicator plates containing isopropyl-1-thio-b-D-galactopyranoside and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside and the frequency of white colonies containing plasmids with mutations in the supF gene was determined. The mutant colonies were puri®ed and the plasmids were isolated for DNA sequence analysis.
DNA sequencing
The puri®ed mutant colonies were picked into proteinase K (Roche)±TE buffer solution (40 ng/ml, 15 ml) and incubated at 65°C for 15 min, 80°C for 15 min. After centrifugation, plasmid DNA was sequenced using the cycle-sequencing kit (Epicentre Technologies), as directed by the manufacturer. The sequencing primer was chosen to bind to the b-lactamase gene just upstream of the supF gene in the vector (31, 32) .
RESULTS
Reactive TFOs and the targets sequence
The reactive oligomers were synthesized following published procedures (Scheme 1) (33±35). The target sequences of the reactive oligomers in this study are displayed in Figure 2A . The TFOs were designed to form a triplex with the target sequence embedded within supF mutation marker genes (Fig. 2B ) carried in shuttle vector plasmids. In our previous study, a TFO containing the vinylpurine derivative (1) at an internal position reacted selectively with the cytosine (27) within the pyrimidine strand of the duplex. However, such selectivity was not observed when 1 was located at the terminal position (33) . In the current experiments, 1 was introduced to internal position of TFO 2 and 3 so as to react with cytidine, and to the terminal position of TFO 4 and 5 such that it would react with the adenosine external to the triplex. In these experiments, 2¢-O-methoxy (2¢-OMe) (2b, 4b) and deoxy nucleosides (3b, 5b) were used to construct reactive TFOs. The use of the 2¢-OMe sugar was expected to enhance pyrimidine triplex stability (34, 35) .
Thermal stability of triplexes
The thermal stability of the triplexes was evaluated by measurement of the melting temperature using TFOs containing a stable precursor of 1 in pH 6.0 and 7.0 buffer, shown in Scheme 1. Synthesis of reactive TFOs. Table 1 . The analysis, in pH 7.0 buffer, of the triplex formed by the duplex and the deoxy-TFOs showed two transitions with the triplex T m (3a, 28°C and 5a, 41°C) below the duplex T m (55°C). The triplex formed by a control TFO without the conjugate had a T m of 31°C. These results indicated that the position of the vinylpurine in¯uenced triplex stabilityÐwhen it was in the triplex interior it reduced stability, while when external to the triplex it enhanced stability. As expected from our previous study (16) the triplexes formed by the TFOs containing 2¢-OMe sugars showed a single transition with a T m (2a, 53°C and 4a, 60°C) higher than the duplex T m . The T m of the control triplex (TFO with 2¢-OMe, no vinylpurine precursor) was 64°C. Thus, in the triplexes formed by the TFOs with the 2¢-OMe the vinylpurine residue was destabilizing in both positions, although less so in the external location. At pH 6.0, T m values with all TFOs were higher than T m values at pH 7.0. These results indicated that the triple helix between these reactive TFOs and targets would be stable under reaction conditions (pH 4.5 and 32°C).
Evaluation of reactivity by gel shift assay and restriction enzyme protection assay
The reaction between the reactive TFOs and the target sequence was estimated by gel shift assay. Triplexes were formed with the TFOs (2±5) and the duplex oligomer with a 5¢-32 P-labeled pyrimidine strand. The reactions were analyzed by electrophoresis on a 15% denaturing gel (Fig. 3A) . The results showed that the 1-bearing TFO (2b±5b) reacted with the target site within the pyrimidine strand. Each TFO (2b±5b) displayed similar levels of reactivity, with~25±40% of the duplex target shifted.
The extent of the reaction of each TFO and the target sequence in the mutation reporter plasmid was also determined. The covalent reaction site was contained in the recognition sequence for the restriction enzyme XbaI (see Fig. 2 ). Covalent linkage of the TFOs to the target blocked cleavage by the enzyme. The results (Fig. 3B) demonstrated . Lanes 1±3, the reaction with 2b; lanes 4±6, the reaction with 3b; lanes 7±9, the reaction with 4b; lanes 10±12, the reaction with 5b; lane 13, the reaction with 2a; 1 mM of target duplex 6±7 including 7 labeled with 32 P at 5¢ end as a tracer in a buffer including 50 mM MES, 10 mM MgCl 2 . (B) Agarose gel of XbaI protection assay. Lanes 1±3, the reaction with 2b; lanes 4±6, the reaction with 3b; lanes 7±9, the reaction with 4b; lanes 10±12; the reaction with 5b; lane 13, the reaction with 2a; lane 14, the digested marker. protection with all the TFOs, in the same range as that seen with the band shift analysis. There was little difference in modi®cation levels as a function of TFO concentration because site occupancy was complete at the lowest concentration of TFO. Control experiments showed that, under the conditions of the digestion, the TFO 2a conjugated to the stable precursor did not inhibit enzyme cleavage.
Polymerase stop assay
We have used the polymerase stop assay (36) to determine the response to polymerase of adduct formation on the plasmids following the reaction with reactive TFOs (2b±5b). T4 polymerase was used for this assay as a polymerase (Fig. 4) . In the reactions of 2b and 3b, designed to react with cytosine, the DNA synthesis paused at one or two bases prior to the adduct, as well as at the adduct site. Stopping one base before, or at the adduct site appeared to occur with similar probability. On the other hand, with 4b and 5b, designed to react with adenine, the stop sites were one or two bases prior to the adduct, and not the adduct site. These results indicated that T4 polymerase responded differently to the two TFO-vinyl adducts, and that the nature of the sugar was not a determinant in the assay.
Mutagenesis of TFO-vinylpurine adducts in repair-de®cient cells
TFO-targeted mutagenesis in human cells was studied using two shuttle vectors. These contain versions of the supF gene, an amber suppressor tyrosine tRNA gene of E.coli, which serves as a mutation reporter (28) . The plasmids also contain the SV40 and pBR327 origins of replication, and the b-lactamase gene. pSupF12 and pNS14 were constructed with variant, but functional, supF mutation marker genes containing the triple helix region placed in the 5¢ pre-tRNA region of the gene, and the covalent reaction sites embedded in the 5¢ end of the mature tRNA gene (see Fig. 2B ). Figure 5 shows the experimental strategy and the schematic of the variant supF genes. After the reaction between the plasmids and the reactive TFOs the covalent complexes were transfected into the SVXP12BE cells, which have a severe defect in nucleotide excision repair due to inactivating mutations in the XPA gene (37) . Mutation frequencies are higher in these cells than in wild-type cells because of the repair defect. Recovery of mutant plasmids is more ef®cient and experiments can be done on a smaller scale than with wild-type host cells. After time for replication and mutagenesis, the progeny plasmids were recovered from the cells and introduced into the bacterial tester strain, MBM7070. Mutant colonies containing inactivated supF genes were detected as white colonies among the wild-type blue colonies. The mutation frequencies of the individual preparations ranged from 0.19 to 0.35% ( Table 2 ). The white colonies were puri®ed and the sequences of the mutant supF genes determined. The supF gene is sensitive to mutations in the sequence of the mature tRNA gene (nucleotides 99±183). Mutations outside this region are generally not scored. Thus, supF12 can report mutations at the adenine positioned two bases into the mature tRNA gene. However, mutations at the cytosine in the triplex region, expected from triplexes formed by TFOs 2b and 3b, would not be scored by supF12. Consequently, after the demonstration of mutagenesis in supF12 by TFOs 4b and 5b, we constructed pNS14 in which the triplex region was advanced into the mature gene region so as to report mutations at both the A at 101 and the C at 99 (38).
The mutation spectra indicated that almost all mutations were at the A or C targeted by the appropriate TFO conjugate (Fig. 6) . However, there were differences in the kinds of mutations as a function of the TFO and the target base. The 2¢-OMe-TFO 4b, designed to react with A, showed exclusively A®G mutations in both supF12 and supNS14. When the deoxy-TFO 5b (A reactive) was used, more diverse kinds of mutations were observed and they appeared at positions adjacent to the target A. When pNS14 was modi®ed with TFOs 2b and 3b, the mutations were of diverse type but only at the target C.
DISCUSSION
The purpose of these studies was to investigate the feasibility of targeted mutagenesis by reactive TFOs bearing 1. The TFOs were designed to direct reaction of 1 with either C or A, within or immediately outside the triplex. In addition, the oligonucleotides were constructed with either 2¢-OMe or 2¢-deoxyribonucleotides. Thus, we were able to assess the contribution of TFO composition on mutagenesis by the vinylpurine adducts.
The thermal stability experiments of the triplexes revealed that the nature of the sugar and the position of the vinylpurine in¯uenced triplex stability. As expected from previous studies (39) , the triplexes formed by the 2¢-OMe-TFOs were more stable than those formed by the deoxy-TFOs. However, the vinylpurine introduced at the penultimate location within the triplex destabilized the triplex relative to controls regardless of sugar structure. This is probably due to the loss of hydrogen bonding at the derivative site. In contrast, when the vinylpurine was positioned at the terminus of the TFO so as to react with the adenine external to the triplex, triplex stability was enhanced with the deoxy-TFOs, but was decreased with the 2¢-OMe-TFOs. This dichotomy presumably re¯ects the differences in structure of triplexes formed by the two kinds of TFOs. Triplex formation by 2¢-OMe-TFOs imposes relatively little distortion on the underlying duplex, while the corresponding deoxy-TFO requires more extensive conformational changes (40) . In addition, deoxy oligomers as the third strand have been shown to produce strong binding sites for intercalators at the 5¢ junctions between the duplex and the triple helix (41) . Thus, the vinylpurine moiety might provide intercalative and/or stacking interactions for stabilization of the triplex with the deoxy-TFO at such a 5¢ junction, whereas it might perturb the otherwise stable triplex with the 2¢-OMe-TFO. The gel shift and the restriction protection assays showed that 1 reacts with the complementary position in the pyrimidine strand in a reasonable yield. However, we were unable to devise conditions such that 100% of the target reacted with the TFO, regardless of TFO concentration (Fig. 3) . This was probably because the vinyl derivatives can react with nucleophiles such as water in the reaction mixture. To avoid these side reactions, we have developed a new strategy for reaction in which a reactive species is autogenerated within a duplex (42, 43) . In addition, we have demonstrated that oligonucleotides bearing the 2-amino-6-(1-ethylsulfoxy) vinylpurine derivative achieved ef®cient reaction with cytosine under neutral conditions (44) . Application of these strategies to triplex-mediated modi®cation and mutagenesis is now underway.
The data with the T4 polymerase stop assay indicate that the vinyl adducts at cytosine block replication at one and two bases prior to, as well as at, the adduct site. Some incorporation did occur at the modi®cation site. On the other hand, replication of adenine±vinyl cross-linked templates was blocked at one and two bases prior to the reacted site, with no incorporation at the adduct site. These results were independent of the sugar composition of the TFO. Thus, the polymerase stop sites depended only on the nature of the adducted base. It has been reported that the adenosine-(+) CC-1065 adduct terminates replication by T4 polymerase at one and two bases prior to the modi®ed site (45) . Our adenine± vinyl adducts appear to have a similar effect.
In the mutagenesis experiments, the targeted adducts formed by 2¢-OMe-TFO 4b led to only A:T to G:C transitions. These mutations, induced by the adenine-vinyl adducts, are in agreement with the mutation study using benzo[a]pyreneadenine adducts in repair-de®cient`E.coli' cells (36) , in which it was suggested that the A to G transitions could be a consequence of the structural distortion of the reacted base. The adenine-only mutations with 2¢-OMe-TFO 4b, in both SupF12 and pNS14, suggest that the modi®cation reaction was speci®c to the target A. In contrast to 4b, the deoxy-TFO 5b showed less restricted mutagenesis in both the kinds and location of the mutations. We have previously reported that the deoxy-TFOs containing the vinyl derivative 1 at the terminal position showed reactivity, in addition to the adenine, to the guanine adjacent to the complementary position within the pyrimidine strand (43) . This reaction might be attributable to the duplex conformation in the presence of the TFO, and also would be responsible for the mutation at the guanine by PAGE 7 OF 9 Nucleic Acids Research, 2003, Vol. 31, No. 6 e31 the deoxy-TFO 5b. In the presence of 2¢-OMe-TFO, the underlying duplex is relatively undistorted, while the deoxy-TFO induces distortion of the duplex to some extent (40) . It has also been shown that the duplex is bent by a deoxy-TFO at the junction between the double and the triple helix (46) . We suggest that the distortion of the duplex at the triplex:duplex junction by the deoxy-TFO 5b is the basis for the reaction with the adjacent G, as well as the A.
Adducts between the cytosine and the vinylpurine nucleoside with TFO 2b and 3b generated diverse mutations. The reaction with 3b caused mutations C to A and C to T, and mutation C to G was additionally observed with 2b. Apparently mutagenic incorporation at the site of TFOcytosine adducts was much more relaxed than with the adenine adducts. Recently, error prone DNA polymerases have been described (47, 48) . Adducts of deoxycytidine with glycidaldehyde have been reported to be miscoding in replication by some of these polymerases, in in vitro experiments. Bypass capacity and base incorporation speci®city differed with the different polymerases (49) . These polymerases are involved in bypass replication and mutagenesis of DNA adducts, and probably are responsible for mutagenesis of the vinyl adducts studied here.
The data presented here suggest that a TFO with 2¢-OMe sugars, targeting a speci®c base for reaction, can provoke a highly selective mutational response. This will serve as the basis for the development of new more reactive, and selective reagents for targeted mutagenesis. These reagents will have an advantage over the psoralen-TFOs in that the covalent base modi®cations can accumulate during the incubations, rather than only at the time of photoactivation.
